Abstract: It has been widely accepted to distinguish between static structures determined by diffraction methods and dynamic structures determined by nuclear magnetic resonance (NMR). The dynamics of NMR structures is demonstrated by an ensemble of a number of overlaid structures. This cannot be seen in one structure determined by diffraction methods. However, it is possible to see the flexibility of a protein molecule in a number of structures of the same protein determined by X-ray techniques which is manifested by different conformations of main-chain. Multiple protein structure determination does not provide identical structures as a result of various factors including flexibility. Overlap of structures of a protein determined at atomic resolution with high accuracy shows that the root-mean-square deviations (rmsd) of main-chain atoms exceed several fold the accuracy of the positional parameters of each structure. Overlap of a number of structures of a protein determined by diffraction methods shows a similar distribution as that determined by NMR. These observations are demonstrated using high resolution structures of Streptomyces aureofaciens ribonucleases, their mutants and complexes with ligands.
Introduction
Ribonucleases (RNases) are probably the oldest enzymes, so it should not be surprising that they are involved in a wide range of functions (D'Alessio & Riordan 1997; Schein 1997) . The two most characterized families are the mammalian RNases with the RNase A as the best known member and the microbial RNases the first member of which was the eukaryotic RNase T1 found in the culture medium of the fungus Aspergillus oryzae (Sato & Egami 1957) . RNase Ba (barnase) from Bacillus amyloliquefaciens strain H was the first prokaryotic RNase to be identified and purified (Nishimura & Nomura 1959) , and its potential usefulness as a protein-folding model was shown by Hartley (1968) .
The Streptomyces are Gram-positive filamentous bacteria that are used industrially for the production of several antibiotics. Strains of Streptomyces aureofaciens are used to produce the antibiotic chlortetracycline, and they also synthesize and secrete into the growth medium a small RNase ). The RNases from three of these strains, which we refer to as RNase Sa, RNase Sa2 and RNase Sa3, are members of the microbial RNase family (Hartley 1980; Hill et al. 1983 ) which share a small size and a similar mechanism of action.
RNases Sa, Sa2 and Sa3 have been the object of intense structural studies in our laboratory for more than two decades. These enzymes are highly specific endo-RNases which hydrolyse the phosphodiester bond of a single-stranded RNA at the 3'-side of guanosine nucleotides Pace et al. 1998) . They have been invaluable in shedding light on the mechanism of catalytic action (Ševčík et al. 1990 Both et al. 1991; Yakovlev et al. 1992; Bauerová-Hlinková et al. 2009 ), recognition of molecules (Ševčík et al. 1998) , conformational stability and folding (Hebert et al. 1997 Pace et al. 1998 Pace et al. , 2001 Alston et al. 2004) and have also provided a solid evidence of the flexibility of protein molecules (Dvorský et al. 2000 (Dvorský et al. , 2002 Ševčík et al. 2002a . Having solved 27 structures of streptomycete RNases (Table 1) we have a wealth of information which allows us to draw some conclusions concerning their flexibility. For all except two (Protein Data Bank codes: 1mgr, 1gmr) data were collected with synchrotron radiation which together with high resolution contributes to the quality of X-ray crystallographic structure. In this way synchrotrons have a positive impact on structure quality (Brown et al. 2007) .
The sequences of the three above-mentioned RNases are closely related, the RNase Sa2 possesses 52% of its residues identical to both Sa and Sa3 (Hebert et 1997; Pace et al. 1998) . Most of the residues that differ between these sequences lie on the surface of the molecule and it is thus not surprising that the structures are very similar. The core of the molecules is composed of one α-helix adjacent to a three-stranded antiparallel β-sheet and a short segment of main-chain which is part of the binding site (Ševčík et al. 1991) . Most RNase Sa structures contain two molecules in the asymmetric unit, which we refer to as molecules A and B. RNase Sa2 structures usually contain three molecules in the asymmetric unit (A, B and C), whereas RNase Sa3 only one. The aim of the present work was to demonstrate that the differences in the main-chain conformation in a number of structures of S. aureofaciens RNases determined at high resolution by diffraction methods represent their functional flexibility rather than uncertainty which may prevail in low resolution structures. It seems possible that uncertainty thresholds might be much lower for high-resolution structures (Rashin et al. 2009 ). Overlap of a representative number of X-ray structures of the same protein shows similar distribution as seen in NMR ensembles. It has been postulated that comparing room-and low-temperature structures of proteins, structures of their mutants and complexes with inhibitors may lead to local or global conformational changes (Chatani et al. 2002; Sinha & Nussinov 2001) . However, would the conformational changes in such mix of structures appear if the proteins were rigid?
Material and methods
All crystals were prepared basically under identical conditions using hanging drop method. Concentration of proteins was close to 10 mg/mL and as a precipitant ammonium sulphate was used. X-ray data were measured at EMBL beamlines at the DORIS storage ring, DESY, Hamburg. The data sets were processed with DENZO and SCALEPACK (Otwinowski & Minor 1997) . Structures were solved with the program AMORE (Navaza 1994) , later with MOLREP (Vagin & Teplyakov 1997) . The very first RNase Sa structure (1sar) was determined by isomorphous replacement (Ševčík et al. 1988, 1991) . Former structures were refined by restrained least-squares minimization program PROLSQ (Konnert & Hendrickson 1980) and SHELXL93 (Sheldrick 1993) , later by the maximum-likelihood program REFMAC (Murshudov et al. 1997) . An automated refinement procedure (Lamzin & Wilson 1993) was applied for modelling and updating solvent structure. For visualization and rebuilding of models, programs FRODO (Jones 1978) , O (Jones et al. 1991) and XtalView (McRee 1993) were used. All subsequent calculations were performed with programs from the CCP4 package (Collaborative Computational Project, Number 4, 1994) .
Results and discussion

RNase Sa
The first structure of RNase Sa, determined at 1.8Å resolution (1sar) showed that the cores of the two molecules in the asymmetric unit superimposed within 0.2Å but the surface loops differed in the main-chain Fig. 1 . Electron density (3Fo-2Fc, 1σ) suggesting two conformations of Ser3 observed in a number of molecules, e.g. 1rgg and 1lni. The figure was produced by BobScript (Esnouf 1997) .
at Arg63 by up to 1.6Å in comparison to the estimated coordinate error of 0.05Å. This shows the extent of conformational changes caused by crystal contacts in molecules which are in virtually identical environments. In some structures of RNase Sa, e.g. 1rgg and 1lni (1.0Å), there is clear electron density suggesting two conformations of the peptide bond at Ser3 (Fig. 1) .
Structures determined at atomic resolution have also shown examples of flexibility. Overlap of the two molecules present in the asymmetric unit of 1rgg using LSQKAB program shows a distribution of C α deviations (Fig. 2) which for the majority of atoms exceeds by several fold the accuracy of 0.015Å with which the positional parameters were determined. Estimates of individual errors of the refined parameters were obtained from a round of block-matrix refinement (SHELXL) as a final step (Ševčík et al. 1996, 2002a) . Similar deviations in main-chain conformation were observed in all RNase structures.
Structures of complexes of RNase Sa with the nucleotides guanosine-3'-monophosphate (3'-GMP) (2sar), guanosine-2'-monophosphate (2'-GMP) (1gmp, 1gmq, 1gmr) and guanosine-2',3'-cyclophosphorothioate (2', 3'-GCPT) (1rsn) and structures of RNase Sa2 with free active site (3d5g) and in complexes with 3'-GMP (3d4a, 3dh2), 2'-GMP (3dgy), and exo-2',3'-GCPT (3d5i) allowed a hypothetical mechanism to be proposed Bauerová-Hlinková et al. 2009 ). All complexes were prepared by soaking. Due to partial shielding of the molecule B active site in the crystal by Asn20 of the neighbour protein A molecule, all mononucleotides except 2'-GMP bound only to the molecule A active site, making it possible to see the changes in the structure caused by nucleotide binding. The neighbouring A molecule does not present an obstacle to the binding of 2'-GMP to the active site of B molecule as the 2'-GMP molecule is about 1Å shorter than 3'-GMP and its phosphate group binds in a somewhat different position. Overlap of the room-temperature structures of the complexes with the apo-form has shown that the loops forming the active site are more flexible than the rest of molecule. The overlap exhibits a small difference in the volume of the molecule around the free (open) and com- Fig. 2 . Distribution of differences between corresponding Cα atoms of A and B molecules present in one asymmetric unit (1rgg). The largest difference at Arg63 is caused by different crystal contacts and was seen in all RNase Sa structures with two molecules in the asymmetric unit.
J. Ševčík   Fig. 3 . Thermal ellipsoids of a part of the room-temperature structure (1rgg) (a) and respective segments in the cryogenic structure (1lni) showing two distinct main-chain conformations separated by 0.8Å (b). Maximum separation (2.5Å) is at Ser31. The largest anisotropy in the room-temperature structure corresponds with the two conformations in the cryogenic structure. The figure was produced by Pymol (http://pymol.sourceforge.net/). plexed (closed) active site. This observation was further elaborated using structures of RNase Sa determined at 1.2Å resolution at room temperature (1rge, 1rgf, 1rgg, 1rgh) and at 1.0Å at cryogenic temperature (1lni, 1t2h, 1t2i); data for 1t2h and 1t2i were collected to 0.85Å resolution but structures refined to only 1.0Å. In the structure 1lni (Ševčík et al. 2002a ) the quality of the electron density even in the early stages of refinement allowed two conformations of the main-chain to be identified in two regions of molecule A, residues 25-42 and 82-85. The segments in double conformations are part of surface loops and contain catalytic and substrate binding-site residues. In molecule B two main-chain conformations are seen only at the beginning of the longer loop (residues 23-27) which can be attributed to close contacts of the rest of the loop with the neighbour molecule. Similar double conformations were seen also in the structure of the Y81W mutant (1t2h). The overlap of the cryo-temperature structure (1lni) with the room-temperature structure (1rgg) shows that the loops with two main-chain conformations in the cryotemperature structure are spread around the single conformation of the room-temperature structure. The occupancies of atoms in the two conformations are close to 50% suggesting that the main chain was fixed during freezing in one or the other extreme position in equal populations of molecules in the crystal. The typical distance between corresponding main-chain atoms in the two conformations is 0.8Å with a maximum of 2.5Å. The segments with two conformations appeared to be rather highly mobile at room temperature but there was no clear evidence for two conformations. However, the anisotropic displacement of atoms represented by thermal ellipsoids corresponded in direction and size to the positions of their respective main-chain atoms in the two conformations of the cryo-temperature structure (Fig. 3) . The two conformations of the main-chain segments around the inhibitor modelled into the active site of 1lni using the structure of the complex RNase Sa/3'-GMP (2sar) show open and closed conformations of the active site (Fig. 4) . It is interesting to note that the Arg40 side-chain in the open form points outside of the active site while in the closed conformation it forms a stacking interaction with the base of the inhibitor. The closed conformation of Arg40 was seen in the structures of complexes of RNase Sa with 2'-GMP (1gmp, 1gmr, 1rge). In RNase T1 it is Tyr45 (analogous to Arg40 in RNase Sa) which forms stacking interaction with the base of the inhibitor (Heinemann & Saenger 1982) . Mutation of a hydrophobic residue to a more hydrophobic residue (Y45W) enhances the binding of the guanine base Itoh et al. 1991) .
In structures of mutants the structural changes in the location of mutation were usually small and no changes were seen in any other part of the molecule as pointed out by Sinha et al. (2001) . The only exception was the N39S mutation. Asn39 stabilizes the loop which forms the substrate base binding site with two hydrogen bonds with the main-chain nitrogen and oxygen. The goal was to remove one H-bond while restoring the other one between serine oxygen (OG) and mainchain nitrogen in a broader study to gain a better understanding of the contribution of hydrogen bonds to protein stability. The stability of the mutant protein was decreased by 2.3 kcal/mol. There was a significant conformational change near the site of the mutation: the side chain of Ser39 did not form the expected Hbond and was oriented differently than the side chain of Asn39 causing reorientation of the main-chain which resulted in a loss of the enzyme's specificity and activity .
Another example of protein flexibility comes from a comparison of structures determined with very high precision. For the RNase Sa structure determined at 1.2Å resolution at room temperature (1rgg) we claimed an average error in the main-chain atom positions of 0.015Å obtained from a SHELXL round of blockmatrix refinement. For the structure determined at 1.0Å at cryogenic temperature (1lni) the average error of the main-chain atom positions was even smaller, 0.010Å. Surprisingly, overlap of respective molecules from the two structures gives root-mean-square deviations (rmsd) of 0.1Å, which is ten times as great as the errors in the positional parameters of the mainchain atoms of each structure. Maximum deviations reach 0.5Å. It would seem that the structures of a protein determined at the highest possible precision are not identical as a result of the sensitivity of these molecules to apparently negligible changes in environment and/or crystallization conditions caused by inevitable inaccuracies. Average temperature factors for all atoms of A and B molecule in 1rgg/1lni structures are 18.0/20.44Å 2 and 6.65/9.41Å 2 , respectively. The profile of main-chain average temperature factors is in both structures similar (Ševčík et al. 2002a) .
The overlap of 34 molecules of RNase Sa (Fig. 5 ) taken from 18 X-ray structures (1sar, 1rgg, 1rgh, 1rgf, 1rge, 1lni, 2sar, 1gmq, 1gmr, 1gmp, 1rsn, 1ay7, 1box, J. Ševčík 1i8v, 1i70, 1t2i, 1t2h, 1zgx ) is similar to the ensemble of NMR structures 1c54 (Laurents et al. 2001) . The "tightness" of a bundle of NMR structures is indicative both of the accuracy with which the structure is known, which in the most favourable cases is roughly comparable to that of an X-ray crystal structure with a resolution of 2 to 2.5Å, and of the conformational fluctuations that the protein undergoes (Voet & Voet 1995) . All our RNase Sa X-ray structures were determined at resolutions between 1.0 to 2.0Å (average resolution is 1.4Å). RNase Sa structures determined at atomic resolution overlap with rmsd of 0.1Å (max. deviation 0.5Å). Using the same X-ray data with resolution reduced to 2.0Å results in overlap with increased root-mean-square differences, i.e. in a larger spread of structures (rmsd 0.5Å, max. displacement 1.9Å). As a consequence, one can conclude that the overlap of a number of X-ray structures of the same protein with resolutions in the range of 2-2.5Å will show similar fluctuations as those determined by NMR.
RNase Sa2
Notable flexibility was also seen in the structures of RNase Sa2. In the structure 1py3 determined at 1.8Å resolution (Ševčík et al. 2004) there are three molecules in the asymmetric unit, A, B and C. Molecules A and B are closely similar to each other and have the same fold as RNase Sa. Molecule C significantly differs from both A and B in the region around Tyr87. In molecule A and C, Tyr87 is in its usual position at the bottom of the active site, with an accessible surface area of 8%. In contrast, Tyr87 in the molecule C has moved substantially: the C α atom has moved almost 5Å and the OH atom 10Å. The side chain of Tyr87C is inserted into the active site of the neighbouring molecule A, with the aromatic ring positioned in the plane which is occupied by the nucleotide base in RNase Sa complexes. In the position of the nucleotide phosphate group, an SO 2− 4 anion was clearly localized. The flipped-out Tyr87 would be about 45% accessible in the molecule isolated from the crystal lattice. The insertion of Tyr87C into the active site of molecule A in the crystal dimer makes it almost totally buried, with only 4% of its surface accessible to solvent. These two molecules by interacting through their active sites by a number of hydrogen bonds form a species which must be catalytically inactive because the active sites are buried; this can be treated as an example of self-inhibition in the crystal dimer. However, there is no evidence that there are stable complexes of this type in solution.
The independently determined structure of RNase Sa2 at 1.8Å resolution (3d5g) differs slightly from the previous one in the behaviour of Tyr87. While in 1py3 the occupancy of the flipped-out tyrosine was 100%, in 3d5g the electron density for the flipped-out conformation is weaker suggesting lower occupancy. In the structures solved later -3d4a, 3d51 and 3dgy with three molecules, and 3dh2 with four molecules in the asymmetric unit (Bauerová-Hlinková et al. 2009 ) -from crystals prepared under the same conditions, there was no indication of tyrosine movement which may arise from either the lower resolution (2.2Å) or the slightly different crystallization conditions. These structures provided new details about the mechanism of RNA cleavage by RNase Sa2.
In the 1.5Å resolution structure of RNase Sa2 (1pyl) (Ševčík et al. 2004) there are two molecules in the asymmetric unit in spite of the fact that the crystals were grown under virtually the same conditions as those for the above structures. The molecules do not form a dimer and Tyr87 in both molecules is in its usual position at the bottom of the active site. The most important feature concerning flexibility in this structure is a double conformation modelled in the central part of the α-helix of one of the two molecules, residues 17-20, with a maximum separation of 2.2Å between C α atoms of Asp19.
Superposition of 21 RNase Sa2 molecules from seven X-ray structures (1pyl, 1py3, 3d5g, 3d4a, 3d51, 3dgy, 3dh2) (Fig. 5b) shows an even larger distribution than that of RNase Sa which may be attributed to lower resolution, where also uncertainty in structure determination may play a role. It is immediately obvious that for both enzymes, RNase Sa and Sa2, the core of the molecules is a rather rigid unit and varies little between all these structures. The regions where there is a substantial deviation between structures lie on the surface of the fold. The loops around residue Arg67, which is equivalent to Arg63 in RNase Sa, vary in all structures owing to crystal packing. There is substantial flexibility in the N-termini. The C-termini show some variation in conformation, but much less than that of the N-termini, as the last residue, cysteine, makes a disulfide bridge with the only other cysteine.
RNase Sa3
We have determined two RNase Sa3 structures (1mgw, 1mgr) at 2.0 and 1.7Å resolution, respectively (Ševčík et al. 2002b) . Different crystallization conditions resulted in different space groups (P3 1 21, P4 1 2 1 2) each containing one protein molecule. An overlap of the two structures based on the minimization of distances between 94 C α atoms (excluding five N-terminal C α atoms since they were not built in one of the structures as a result of poor electron density) yields an rmsd of 0.5Å with a maximum displacement of 1.75Å at the Trp79 side chain.
Concluding remarks
It was shown that independently solved structures of the same protein are not identical as a result of various factors, such as slightly different crystallization conditions arising mainly from inevitable experimental errors, temperature, strategy of refinement, etc., which induce small changes in the structures due to the flexibility of the molecules. Taking into account the flexibility of the surface loops arising from crystal contacts in the structures of RNase Sa, RNase Sa2 and RNase Sa3, the flexibility of the RNase Sa main-chain at Ser3, the flexibility of the segments showing open and closed conformations of the active site in RNase Sa together with the mobility of the loop around Tyr87 and the two main-chain conformations observed in the α-helix in structures of RNase Sa2, it can be concluded that Streptomyces RNases possess substantial flexibility. This is surprising as the enzymes are relatively stable and some crystals of RNase Sa diffracted to ultra-high resolution 0.85Å. This confirms the view that structures determined by X-ray diffraction, often considered to be rigid folds, have substantial flexibility in some regions of the protein molecules comparable to that suggested by NMR.
